Pseudomonas aeruginosa PAC7 (a mutant deficient in diaminopimelate epimerase), excreted diaminopimelate (solely LL-isomer) after growth in a minimal medium plus lysine with succinate as carbon source. More diaminopimelate was excreted when bacteria were transferred at the end of the exponential phase of growth into fresh minimal medium without lysine but supplemented with pyruvate and additional (NH,),SO,. The excreted LL-isomer was isolated from the culture filtrate by ionexchange chromatography and purified by crystallization ( I -7 g/9 1 culture).
I N T R O D U C T I O N
2,6-Diaminopimelic acid (Dap) exists in three stereoisomeric forms : the LL-, DD-and meso-isomers (Work, 1963) . Authentic samples of each are required in studies of the isomeric composition of Dap in walls and spores of bacteria.
Diaminopimelate synthesized chemically is a mixture of all three isomers : about 50 % meso-, 25 % LL-and 25 % DD-isomer (see later). Diaminopimelate can also be isolated from the culture filtrates of lysine-requiring mutants of Escherichia coli (Work, 1963) ; such Dap is a mixture of about 75 % meso-and 25 % LL-isomers (White & Kelly, 1965) . The mesoDap can be separated from the other two isomers by crystallization because it is less soluble in ethanol/water. From the meso-plus LL-Dap mixture obtained by excretion (i.e. 'fermentation Dap '), pure LL-Dap can be recovered after precipitation of meso-Dap. Until recently, commercial Dap was 'fermentation material ' ; but at present, only synthetic Dap can be bought. Removing the meso-isomer from synthetic Dap leaves a mixture of the LL-and DD-isomers, which are difficult to separate. Work et al. (1955) separated the three isomers by preparing their diamides, treating these with a stereospecific amidase (which deaminated groups in the L-configuration only), and then separating the mixture of free LL-Dap, DD-Dap diamide and meso-Dap (D-)monoamide on an ion-exchange column.
Free DD-and meso-Dap were regenerated by acid hydrolysis of the amides. A later modification of this method was described by Wade et al. (1957) . These methods are relatively laborious and result in low yields of the pure isomers.
In this paper, we describe the isolation of LL-Dap from cultures of a mutant of Pseudomonas aeruginosa (called PAC7) which excretes solely the LL-isomer (Clarkson & 
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The excretion of Dap is small in comparison with that of lysine-requiring mutants of E. coli, but all the Dap is the LL-isomer and so there are no losses in resolution steps.
We also describe the use of a Dap-requiring mutant of Bacillus megaterium which can grow in a minimal medium with the LL-and/or meso-isomers (but not DD-Dap) as growth factors. This mutant was grown with a mixture of LL-and DD-Dap, and after it had taken up all the LL-Dap the DD-isomer was recovered from the culture filtrate.
A preliminary report of this work has been given (Saleh & White, 1975) .
METHODS
Organisms.
A mutant derived from Pseudomonas aeruginosa 8602 PACI (NCIB 10848) deficient in diaminopimelate epimerase [now called P A C~ and described as lys-I by Clarkson & Meadow (Ig7I)I was given by Dr Pauline Meadow. The mutant was maintained on slopes of nutrient agar that were incubated overnight at 30 "C and then stored at 2 "C.
A Dap-requiring mutant of Bacillus megaterium NCIB758 I was isolated as described below, It was maintained on slopes of minimal medium FG containing biotin (I pg 1-1) and synthetic Dap (100 mg l-l), that were incubated overnight at 37 "C and then stored at 2 "C.
Both mutants have been deposited with the National Collection of Industrial Bacteria:
their strain numbers are NCIBX I250 (P. aeruginosa) and NCIBI 1251 (B. megaterium).
Media. All media were prepared with glass-distilled water. The minimal medium for growth of P. aeruginosa was that of Clarkson & Meadow (1971); sodium succinate was the carbon source unless otherwise stated. L-Lysine-HC1 (40 or IOO mg 1-l) was added for growth of the mutant. The basal medium, trace elements and carbon sources were autoclaved separately at 121 "C for 10 min and combined after cooling. In tests of the effects of precursors of Dap on the excretion of LL-Dap, supplements were added to the basal medium before autoclaving (except for pyruvate, which was sterilized by filtering).
Minimal medium FG (Fukuda & Gilvarg, 1968 ) contained (g 1-l): NH,Cl, 2; Na,HPO,.
7H,O, 4-5; KH2P04, 3; NaCl, 3 ; MgCl,. 6H20, 0-1 ; Na,S04, 0.1 I ; MnCl,. 4H,O, 0.01 ; glucose or glycerol, 10; the pH value was 6.8. Biotin (I pg 1-l) and Dap (100 mg 1-1) were added for growth of the mutant. Medium FG with biotin is designated FGB. Solutions of carbon sources were autoclaved separately at 121 "C for omi in and combined with the basal medium after cooling. Solid media were made by adding Difco agar (1-5 %, w/v).
Growth conditions. Organisms were grown on a rotary shaker (New Brunswick Scientific Co., New Brunswick, New Jersey, U S A . ) at 200 gyrations/min at 30 "C (for P . aeruginosa) or at 37 "C (for B. megaterium). The bacterial culture did not occupy more than one-fifth of the volume of the culture flask. Fermenter cultures (I I 1) were grown in a New Brunswick Microferm laboratory fermenter with aeration (3 1 min-l) and mechanical stirring (400 rev./ min) at 37 "C. Organisms for inocula were taken from slope cultures; 0.5 ml of a suspension of organisms (about 150 ,ug dry wt for either organism) in sterile water was used per 250 ml of medium. Measurement of Dap. Dap was measured by a method in which excess lysine does not interfere (Work, 1957) or, when HCl was present, by the method of Gilvarg (1958) .
Assessment of growth. Turbidities of cultures were measured at intervals in 6 mm diameter tubes using an EEL photoelectric colorimeter with a neutral density filter (no. I-o), and water for the zero setting.
Isolation of diaminopimelic acid from the growth media. The procedure used to isolate LLDap from Pseudomonas cultures and DD-Dap from Bacillus cultures was based on the method of Gilvarg (1959). After appropriate growth (see Results), the bacteria were removed
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by centrifuging (at 23000 g for 10 min); the supernatant liquid .was autoclaved for 10 min at 1 2 1 "C and its pH was adjusted to 2 with HCl. The liquid was passed at room temperature through a column of Dowex 50 (H+ form; 8 % cross-linked; dry mesh IOO to 200; 9 x 12 cm, about I 1 resin bed vol.) at a flow rate of 500 ml h-l. The column was then washed with 2 1 water, and the Dap was eluted with 2.5 M-HCl at a rate of 150 ml h-l. After I 1 HCl had emerged, fractions (200 ml) were collected and assayed for Dap (Gilvarg, 1958) . Fractions 6 to 17 (totalling 2.4 1 eluate) contained Dap; these were pooled and dried by rotary evaporation at 42OC. The oily residue was left overnight with NaOH pellets in an evacuated desiccator. The resulting solid was resuspended in 20 ml ethanol plus 10 ml redistilled pyridine, kept at 2 "C for 3 h with occasional stirring, and then collected on a Buchner filter, washed with pyridine/ethanol (I : 2, by vol.) and dried over H,S04. The dried material was dissolved in 30 ml water by heating, the solution was cooled, and Dap was crystallized by adding ethanol (30 ml). Pure Dap-monohydrochloride (LL or DD) was obtained by a second ethanol/water Crystallization. Isolation of LL-plus DD-Dap from synthetic Dap. The meso-Dap was separated from the LL-and DD-isomers by crystallization from ethanol/water (Hoare & Work, 1955). The synthetic Dap was dissolved in a minimum amount of boiling water; after cooling, ethanol was added to give a faint permanent turbidity and the solution was left overnight at room temperature. The precipitate was collected and ethanol was again added to the filtrate to give a faint permanent turbidity. The first and second precipitates could be recrystallized from ethanol/water to give pure rneso-Dap.
To separate any remaining meso-Dap, the mixture of DD-and LL-Dap left in the filtrate was crystallized as its di-(naphthalene-2-sulphonic acid) salt (Gilvarg, I 959). The aqueous ethanol was evaporated; the solid was redissolved in water to give about I g Dap/Io ml; the solution was acidified with 12 M-HCl (2 ml/Io ml solution); recrystallized naphthalene-2-sulphonic acid was added (4-2 g/ro ml); and the volume was made up with water to 25 ml/ g Dap. This solution was boiled, filtered while hot, and left overnight at room temperature. The crystalline precipitate was collected, washed with ethanol and ether, redissolved in I '0 M-HCI (7-5 ml/g crude LL-plus DD-Dap) by boiling, and left to stand at room temperature for a few hours. The resulting precipitate was collected and suspended in ethanol (795 ml/ g Dap), and then redistilled pyridine (4 ml/g Dap) was added. The suspension was shaken occasionally during 3 to 4 h at 2 "C. The solid (LL-plus DD-Dap) was collected and washed with ethanol and ether.
Characterization of isomers of Dap. Methanol/pyridine/water/Io M-HCl (80: 10: 17-5 : 2.5, by vol.; solvent A; descending) was used for paper chromatography (Whatman no. I, 45 x 60 cm). This solvent separates the LL-isomer of Dap from meso-and DD-Dap, which run together (Rhuland et al., 1955) .
Benzyl alcohol/chloroform/methanol/water/~~ M-ammonia (30 : 30: 30 : 6 : 2, by vol. ; solvent B) was used for thin-layer chromatography on plates of Merck silica gel G (20 x 20 cm; 0.25 mm thick). On thin-layer chromatography in this solvent, the di-DNP (dinitrophenyl) derivative of rneso-Dap runs slower than the di-DNP derivatives of LL-or DD-Dap, which run together (JuSiC et al., 1963) .
The isomer composition of Dap was also determined enzymically (Day & White, 1973) . The enzyme diaminopimelate decarboxylase, EC. 4. I. 1.20 (White & Kelly, 1965 ) is specific for meso-Dap which is quantitatively converted to L-lysine plus C 0 2 . The enzyme diaminopimelate epimerase, EC. 5.1.1.7 (White, Lejeune & Work, 1969 ) converts either LL-or mesoDap to an equilibrium mixture, but does not attack DD-Dap. The decarboxylase and pimerase together convert LL-Dap quantitatively to lysine plus CO,.
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F. SALEH AND P. J. WHITE Chemicals. 2,6-Diaminopimelic acid was synthesized from 2,6-dibromopimelic acid diethyl ester (I I 2 g batches of ester), as described by Lingens ( I 960) ; the sodium azide used in this preparation was activated as described by Smith (1946) . The yield of Dap in several preparations (from the dibromodiester) on this scale was consistently only 65 %, and not IOO % as obtained (on a smaller scale) by Lingens (1960) . The dibromodiester was prepared by treating pimelic acid with thionyl chloride and bromine under conditions similar to those used by Ingold (1921) for dibromination of glutaric acid, and then adding the resulting dibromo-di-(acid chloride) to ethanol (Willstiitter, I 895). The yield of redistilled dibromodiester was 66 % (from pimelic acid).
The synthetic Dap contained 50 % meso-, 25 % LL-and 25 % DD-isorners when assayed by the enzymic methods of Day & White (1973) . Di-DNP derivatives of Dap were prepared as described by JuSiC et al. (1963) .
RESULTS
Mutant P A C~ can grow on a minimal medium supplemented only with lysine. Diaminopimelate epimerase is not entirely absent, and the mutant can make enough meso-Dap to support growth when this small amount of meso-Dap is used only for peptidoglycan synthesis, and is not needed to serve as a precursor of lysine as well (Clarkson & Meadow, 1971) . Mutant PAC7 excreted Dap (solely LL-isomer; about 100pg ml-l) after growth in minimal medium (carbon source succinate) plus L-lysine (40 mg 1-l) at 37 "C (Clarkson & Meadow, 1971) .
Conditions for greater excretion of Dap were sought. All the trial experiments were done with 25 ml medium in shaken 250 ml flasks. Different carbon sources -glucose, glycerol, trisodium citrate (2H,O), sodium succinate (all I %, wiv) -were tested at 25,30 and 37 "C, always with a supplement of L-lysine-HCl (100 mg I-' ). The heaviest growth was obtained using succinate plus lysine at 30 "C, and the Dap in the culture filtrate was measured (Work, 1957) every I or 2 h during the exponential and stationary phases of growth. Different concentrations of succinate and lysine in the medium were examined (Fig. I) . In one series of experiments, lysine-HC1 at IOO mg 1-1 gave the greatest Dap excretion; but in another series when a new freeze-dried ampoule of mutant was used, lysine-HC1 at 40 mg 1-1 was found to be best. As long as lysine remained in the medium (shown by chromatography with solvent A), there was almost no Dap excretion, but after growth stopped, and lysine became depleted, Dap was rapidly excreted (Fig. 2) . Adjusting the pH value of the culture (in the range 6 to 8) during the period of excretion had no effect on the production of Dap. Since lysine appeared to inhibit Dap excretion, it seemed that more Dap might be excreted if the organisms, when grown, were transferred to fresh medium without lysine. The fresh medium would also give a new supply of carbon and nitrogen for Dap biosynthesis. About 25 % more Dap did accumulate in fresh medium than when the organisms remained in the original growth medium.
Possible precursors of Dap, and additional (NH4),S04 as nitrogen source, were added to the fresh medium. Excretion of Dap was stimulated between two-and threefold by L-aspartate or L-glutamate or sodium pyruvate (each at 800 mg l-l), and various combinations of these were tested. Pyruvate plus (NHd2S04 (400 mg 1-l) was the most effective -in trial experiments up to 400 pg Dap ml-l was excreted. However, in larger-scale preparations (250 ml in 2 1 flasks), the maximum accumulation was only about 250 pg mI-1.
The mutant was grown at 30 "C with shaking in a total of 9 1 minimal medium (250 ml in each 2 I flask) containing additional sodium succinate (I .5 %, wlv), to increase the yield of bacteria, and L-lysine-HCl(40 mg 1-l). At the end of the exponential phase ofgrowth, bacteria (50 mg l-l), and the plates were incubated at 37 "C. The number of survivors was very low. One hundred colonies were tested for Dap-requirement by plating each on different media (FGB alone; FGB plus Dap plus lysine; FGB plus Dap). Two of these colonies required Dap alone, but only one was stable.
Growth ofthe Dap-requiring mutant with diflerent isomers of Dap The nature of the defect in the biosynthesis of Dap in B. megaterium 7581 Dap- has not yet been established. The mutant grew quickly at 37 "C in FGB medium supplemented with synthetic Dap (20 to 150 mg l-l), but not in FGB alone or FGB plus L-lysine-HC1 (roo mg 1-l). It also grew in FGB with either LL-or meso-Dap (20 to 150 mg 1-l) but not with DD-Dap (up to IOO mg 1-l) within 4 days. The mutant was grown at 37 "C with shaking in a series of 250 ml flasks containing FGB medium (50 ml), meso-Dap (20 mg l-l), and either glucose or glycerol (I %, w/v) as carbon source. At the end of the exponential phase of growth, LL-, DDor meso-Dap, or L-lysine-HCl (all at 80 mg 1-l) was added to cultures. Further growth occurred after adding LL-or rneso-Dap, but there was no more growth after adding lysine or DD-Dap, or in the control flask with no addition (Fig. 3) .
Use of m-Dap by B. megaterium 7581 Dap-
The mutant was grown at 37 "C with shaking in 250 ml flasks containing FGB medium (50 ml) supplemented with LL-Dap (100, 150 or 200 mg l-l), and the Dap remaining in the media was determined after growth ceased. With LL-Dap at up to 150 mg l-l, almost all the Dap was used; but at higher concentrations, some Dap was left. Paper chromatography (solvent A) of 50,d samples from culture filtrates, after growth had stopped, showed a distinct LL-Dap spot from the culture that had initially contained LL-Dap at 200 mg l-l, a very faint LL-Dap spot from the one that had initially contained LL-Dap at 150 mg 1-1, and no Dap spot from the culture that had initially contained LL-Dap at IOO mg 1-l. Thus the amount ofDap that the bacteria remove from the medium during growth is limited to Isolation of LL-and m-diaminopimelate 259 about 150mg 1-l. Therefore for isolating the DD-isomer it was best to use, as starting material, Dap that already had been enriched with the DD-isomer by preliminary crystallization from synthetic Dap (see Methods).
Use of LL-plus DD-Dap by B. megaterium 7581 DapThe mutant was grown as above, but with different concentrations of a mixture of DDand LL-Dap (200, 300 or 400 mg 1-l); after growth ceased, the concentrations of Dap remaining in the media were 89,141 and 232 mg l-l, respectively. Paper chromatography of 2opl samples from each medium showed a faint LL-Dap spot from the culture that had initially contained Dap at 400 mg 1-1 but no LL-Dap spot was detected in filtrates from the other two cultures.
The mutant was grown in an aerated fermenter at 37 "C in FGB medium (I I 1) containing glycerol (I %, w/v) as carbon source, and supplemented with a mixture of LL-and DD-Dap 
DISCUSSION
Only about 150 mg LL-Dap (free base) 1-1 was isolated from P. aeruginosa PAC7 culture filtrate, Much higher yields of Dap (meso-plus LL-isomers) may be obtained from mutants of E. coli that lack diaminopimelate decarboxylase. For example, 2100 mg 1-1 is excreted by E. coli 12408 (Work, 1963) . From 10 g of such 'fermentation Dap', about I g of pure LL-Dap (and several grammes of meso-isomer) can be isolated by crystallization. Hence, 6 to 7 1 of 12408 culture should be sufficient to yield 1.5 g LL-Dap, whereas 10 1 of P. aeruginosa P A C~ culture is needed to obtain this quantity of LL-Dap (and no meso-isomer is produced). The only advantage of using mutant PAC7 rather than an E. coli mutant is that once the LL-Dap is isolated from the medium, no resolution steps are needed. Lysine synthesis (from succinate) in PAC7 is not completely blocked, and this may be a reason for the relatively low excretion of Dap. Both diaminopimelate epimerase (0.00 I unit/mg protein) and diaminopimelate decarboxylase (0.005 unit/mg protein) were present in an extract of P A C~ (Clarkson & Meadow, 1971 ). Lysine causes a feedback inhibition of Dap biosynthesis (see Clarke & Ornston, 1975) , and excretion of Dap by the mutant begins only when lysine is exhausted from the medium. If the mutant continues to form some lysine, biosynthesis of Dap may never become completely derepressed. Therefore, the introduction into P A C~ of a further mutation causing inability to form lysine (as a result of the loss of diaminopimelate decarboxylase), might increase the yield of LL-Dap. However, Clarkson & Meadow (1971) found that mutants of P. aeruginosa 8602 that lacked diaminopimelate decarboxylase had excreted only relatively small amounts of Dap (about 7 mg 1-l) by the beginning of the stationary phase of growth. Furthermore, if conversion of rneso-Dap to lysine could be 260
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prevented in P A C~, then the excreted Dap might become a mixture of rneso-and LLisomers, which would need to be resolved. It is advantageous for the easy isolation of LL-Dap that diaminopimelate epimerase is not completely blocked in PAC7. If this enzyme were entirely absent, then rneso-Dap for peptidoglycan synthesis would have to be provided in the first growth medium, and might possibly mix with the excreted Dap. Use of the Dap-requiring mutant of B. megaterium gives a convenient method of isolating DD-Dap. Although Dap-requiring mutants of E. coli also use the LL-and not the DD-isomer, such mutants are less suitable: their rate of uptake of Dap is very low (Leive & Davis, 1969, and a high concentration of Dap is needed in the medium to support rapid growth (which means that not all the Dap is used when growth ceases); they take up relatively small amounts of Dap (perhaps because their envelopes contain a low proportion of peptidoglycan); and they grow less heavily in defined medium than does B. megaterium. Bacillus megaterium ~4 6 (Fukuda & Gilvarg, 1968 ) which requires LL-or rneso-Dap plus lysine for growth, is also limited in its ability to remove LL-Dap from the growth medium. In ~4 6 , Dap is used only for peptidoglycan synthesis, whereas in B. rnegaterium 758 I Dap-both peptidoglycan and lysine derive from Dap.
